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The effect of composition and prior treatment 
on the surface properties of zirconium phosphate was 
investigated in order to determine the mechanism by 
which ions are selectively sorbed onto this solid.
Infrared absorption studies showed that the 
dry zirconium phosphate contains the monobasic ion, 
H^PO^. X-ray diffraction techniques demonstrated the 
absence of any long-range order In the precipitated 
solids, while x-ray fluorescence proved that zirconium 
phosphate has a range of compositions.
Electrophoretic mobility experiments showed 
that It is the hydrolysis of the constituent ions of the 
solid which are responsible for the surface charge and 
consequent electrical double layer which exists at the 
solid-solution interface.
Adsorption measurements demonstrated that the 
alkali metal ions K+ and Li+ were electrostatically 
attracted to the surface of the zirconium phosphate 
when the surface charge of the solid was
T 1137
negative. On the other hand, ions which form comparatively 
insoluble phosphates, such as Ag+ , are chemisorbed on 
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PREVIOUS INVESTIGATIONS
Zirconium phosphate, an inorganic ion exchanger, 
is one of a class of compounds whose use had declined 
since 1935 until recently. But investigations into the 
properties of inorganic ion exchangers have been renewed 
as the shortcomings of the organic resins become more 
apparent. The phenomenon of ion exchange was first 
discovered in clays (1), and mineral ion exchangers were 
the first to be used in industrial operations. The 
softness and rigid structure of these aluminosilicates 
caused them to be abandoned as soon as organic ion 
exchangers were developed.
With the increasing use of atomic energy, 
inorganic ion exchangers of a different type are seeing 
greater use. These inorganic exchangers are prepared by 
combining group IV oxides with the more acidic oxides of 
groups V and VI. For example, zirconium phosphates are 
prepared by precipitation with alkali phosphates from 
solutions of zirconyl chloride (2). Other zirconium 
compounds can be prepared using arsenic, silicic,
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molybdic, and tungstic acids in place of phosphoric 
acid (3,4,5). Similar materials can be made from the 
salts of titanium, hafnium, and thorium. These new 
exchangers are not all made from salts of the rarer 
metals. Stannic phosphate has been studied as an ion 
exchanger (6 ), The hydrous oxides of zirconium, thorium, 
tin, aluminum, chromium, and iron have been studied as 
both anion exchangers and cation exchangers (2 ,3 ,7 ).
The ion exchange properties of the salts of 12-molybdo^ 
phosphoric acid have been described in a series of pub­
lications (8,9,10,11,12,13,14,15,16). The ammonium salt 
of this acid has the formula
{ ™ 4 ) 2.95H0 .05(PM° 12°40} *11 
Since all of the alkali metal salts of this complex
acid have the same crystal structure (17), they pro­
bably exchange cations in much the same manner as the 
zeolites.
The new inorganic ion exchangers are quite 
insoluble. Their compositions are not stoichiometric 
and depend on the conditions under which they are 
precipitated. They have high capacities which are 
quite pH dependent (18). They give high rates of ex­
change. They have their chief advantage over organic 
resins in their stability in hot solutions (19*2 0,2 1,2 2),
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and resistance to physical breakdown by radiation. Their 
chief disadvantage is their tendency to react at very 
high or very low pH (15,23).
In addition to metal ion removal from radioactive 
water, inorganic exchangers have been used for high temp­
erature catalysis (24), and concentration of heavy water (25). 
Their applicability has been noticed in such diverse fields 
as the textile industry (26) and medicine (27)* In anal­
ytical chemistry, they provide one of the few means of 
separating the alkali metal ions.(3 ,2 8).
Zirconium phosphate is one of these new inorganic 
ion exchangers which has received considerable attention 
from chemists all over the world. Its properties as a 
selective sorbent were first noticed by Russell and his 
co-workers (29). Their report to the Atomic Energy 
Commission was not declassified until after 1950. one 
of the most attractive features of zirconium phosphate is 
its low solubility in acid solutions. Early experimenters 
found its solubility in 10 N hydrochloric acid to be 
2 .3 x 10~* sole/liter (30).
Recent experiments on zirconium phosphate have 
all been similar to those performed on organic resins.
The results given by one author often disagree with the 
results from the same experiments performed in other
T 1137
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laboratories, in short, typical ion exchange experiments 
cannot be described realistically by the usual ion ex­
change terminology.
Amphlett noticed that zirconium phosphate had 
no swelling pressure when cations were sorbed (31). In 
the same publication, he reported attempts to measure pore 
sizes in the zirconium phosphate by adsorbing short chain 
alkyl ammonium ions. He concluded that uptake was indepen­
dent of chain length. His data show no evidence that pores 
of any given size existed.
Kraus felt that the surface charge carried by 
these inorganic, hydrolytic polymers was an important 
feature In exchange by hydrous metal oxides (3). He 
related the importance of cation or anion aschange to the 
usual concept of acidity and basicity of the oxides. He 
did not say what caused the oxides to exhibit acidic or 
basic cahracter, nor did he attempt to measure the 
surface charge on the hydrous oxides.
Attempting to saturate zirconium phosphate with 
univalent meatl ions, Larsen and Vissers found an "unfav­
orable equilibrium constant for the reaction" at pH 1 .- 
The ions were taken up readily at pH 5> however (32).
Many other groups of investigators have come to the con- 
elusion that there is a variable equilibrium constant for
T 1137
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the dissociation of the phosphate groups in zirconium 
phosphate (2,33,34). Strongly adsorbed metal ions, such 
as copper, are considered to react with the less acid 
sites as well as the strong acid sites. In some cases, 
strong hydrochloric acid would not remove plutonium ions (3 5). 
The weakly acid groups are considered to be less affected 
by the method of preparation. These groups decrease their 
activity if the solid is dried at high temperatures. The 
exchange capacity for zirconium phosphate could not be 
determined by typical pH-titration curves, for the capacity 
seemed to continue to increase as the pH was raised. In 
certain instances more metal ions were sorbed than the 
hydrogen ions that were released (36). This fact led to 
the statement that 0 .3^ of the sites were specific for 
cesium and rubidium, resulting in selective sorption at 
low loads. Similar cases of unusual behavior in H+-metal 
ion exchange have been explained as being due to reversal 
In selectivity by the exchanger (37). B.E.T. surface 
area studies showed that specific surface and acidity 
decreased with calcining temperature, up to 1,000° C (2,24, 
38). At high temperatures, zirconium pyrophosphate,
ZrPgO^, was detected.
High temperature transformations may be the cause 
of ususual behavior in zirconium phosphate. Normally,
T 1137
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elution becomes easier with an increase in temperature (28). 
This fact is indicative of physical adsorption. The ex­
change is reversible only up to 160° C (39). Since some 
authors feel that the transformation to pyrophosphate takes 
place at as low a temperature as 180° C, the condensation 
of acid phosphate groups to form P-O-P bonds may affect 
the sorption behavior. The capacity of zirconium pyrophos­
phate is lower than that of zirconium phosphate, but no 
one has correlated this with the decrease in available sur­
face area.
The problem of variable capacities and high temp­
erature transformations has been avoided by many experiment­
ers who work in acidic media at constant pH and constant 
ionic strength. Host of these experimenters concern 
themselves with the determination of distribution coeff­
icients. The distribution coefficient is defined as the 
ratio of the concentration of the solute ion in the solid 
to the concentration in the solution. The distribution 
coefficient corresponds to one point on a sorption isotherm. 
Only in the case of a linear isotherm is the distribution 
coefficient independent of concentration. This means 
that the information furnished by the distribution coeff­
icient is limited to providing a comparison between diff-
•f
erent ions. Nevertheless, distribution coefficients have
T 1137
7
been determined as a function of drying temperature, molar 
p/Zr ratios in the solid, and the pH of the surrounding 
media (35). A rather important point to be made at this 
time'-’ is that the reduction of the p/zr ratio reduces the 
sorption capacity of the solid (2). In one study, the 
surrounding medium was varied by the addition of ethanol (2 9). 
This addition raised the distribution coefficient values.
The reasoning behind this fact is apparent. The lowered 
solubility of the ions in an alcohol-water mixture caused 
these ions to go to the zirconium phosphate surface.
Differences in thermodynamic properties of the 
adsorbing ions are used to explain the selectivities which 
the adsorbent solids show towards the ions. Agreement is 
good between different groups of investigators, who find 
the adsorbed ions to have almost the same thermodynamic 
properties as those same ions have in solution (32).
Despite the evidence pointing to adsorption of the hydrated 
Ions, one author disagreed (3̂ -). He postulated the "ex­
change of a covalently bound hydrogen ion for a non-hyd- 
rated alkali ion." He based his conclusion on the fact that 
a plot of exchange entropies as a function of non-hydrated 
ion sizes was a straight line. The meaning of this straight 
line, and the necessity for its existence was not discussed.
e
Several attempts have been made to determine the
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structure and formula of zirconium phosphate. Success in 
these two areas might lead to an explanation of the effect 
of P/zr ratios on exchange capacity, A cubic cell was 
claimed for zirconium phosphate precipitated in 6 N hydro­
chloric acid (41). In the cubic system, the distance 
between any two crystal planes is given by the formula
where d = the distance between crystal planes
a = the unit cell dimension
h,k,l = the Miller indices for the crystal planes
Since the Miller indices have integer values, the value of 
? Pthe fraction a /a must also have an integer value. Table 
I shows some typical results. The values of a^/d^ have 
been calculated for this study,.using the author’s d values 
and his a value of 9-04 A.
TABLE I
X-RAY PATTERN FOR A ZIRCONIUM PHOSPHATE 
WHOSE P/Zr RATIO EQUALS 1.68
Line Character a (a ) a2/ ^ (hkl)
Sharp, strong 4.50 4.03 (2 0 0)3.96 5.23Broad, strong 3.50 6 .7 0
Sharp, strong 2.63 11.8 (2 2 2)Broad, weak 2 .1 0 16.5Sharp, medium 1 .70 28.2 (5 2 0)
Sharp, weak 1.49 3 6 .8 (6 1 0)
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The a s s i g n m e n t  to the cubic system could be called tenta­
tive at best since half the d values will not result in 
integer values for the Miller indices.
Boiling zirconium phosphate in 4.5 M phosphoric 
acid for long period's of time does crystallize it (42).
After 100 hours of boiling, a zirconium phosphate sample 
gave a powder pattern which was identified as being hex-
Oagonal. This pattern, with the author*s values of sin^ 6 
and d values calculated for this study, is listed in 
Table II, page 10. The use of a Hull-Davey nomogram 
for the hexagonal system showed that the unit cell had 
the following dimensions: a = 10.61 A, and c = 15.2 A.
The hexagonal structure of the refluxed zirconium phos­
phate was confirmed by another investigation (43). The 
second study gave as a result the dimensions a = 10.5 A, 
and c = 45.6 A. The two different reports are in good 
agreement. The unlike c values are actually integer 
multiples of one another. Attempts to visualize the 
structure of zirconium phosphate have also been based 
on formulas determined by weight loss. Differential 
thermal analysis experiments led to the conclusion that 
each mole of zirconium phosphate lost 1.6 moles of water 
as it was heated (44). Alberti and his co-workers
K




X-RAY PATTERN FOR CRYSTALLINE ZIRCONIUM PHOSPHATE 
REFLUXED 100 HOURS IN 4.5 M PHOSPHORIC ACID
Relative Intensity Sin2 © a (A)
1 0.00863 8.28
10 0.01057 7.472 0.02781 4.61
10 0.03057 4.402 0.03739 3.99
3 0.04112 3.79
10 0.04833 3.50







5 0 .1367 2.08





* Only intensities of 5 or greater are listed.
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composition and weight loss (45).. For a material with 
the same chemical formula, it was assumed that a layer of 
ZrOg octahedrons lies between two layers of PO^ 
tetrahedrons (46).
Structural formulas from empirical compositions 
have also been drawn. Noting that the molar ratio p/zr 
approached the fraction 5/3 as a limit, Baetsle and 
Pelsmaekers proposed the following formula, whose molecular 
weight is 877.6 (41).
OPOa//* OPOsP* OP o. o p
I J . O  | J 0  I X /
-Z/--0 — Z/--0 -Zf-O —  P 
OP OPOaMz OPOsPz O'
Nancollas and Pekarek got the same x-ray diffraction 
pattern as that for the hexagonal material (33). However, 
they chose to draw a molecular formula, of the form
OP ^ f^o  OP
To explain inflections in their titration curves, they 
postulated the rupturing of the bond indicated by the 
arrow, and the addition of an 0H“ group to the zirconium. 




Rather than being attempts at structure determin­
ation, these pictorial formulas are actually a form of 
rationalizing the experimental data from each particular 
group of investigators. They show no structure, only a 
linear molecule with the proper number of zirconiumb and 
and phosphates. The postulation of rings in the molecule 
calls for directional or covalent bonding between the 
zirconium and phosphate groups. This covalent bonding 
would indicate a directional structure, not a linear 
molecule. It also seems unusual that in a compound with 
a melting point above 1,000° C, a bond should rupture by 
a change In hydroxyl ion concentration from 10"^ to 10~9 
moles per liter.
A completely stoichiometric compound, (ZrO)^(PO^)^, 
was found by two groups of investigators (47,48). The 
precipitate had been ignited at 1,100° C, which Is far above 
the phosphate-pyrophosphate transformation temperature.
On the basis of x-ray diffraction patterns, it was decided 
that the crystals were monoclinic, with a = 9.16 A, b = 9*11 A, 
c = 7.9.2 A, and (3 = 107° 201. In a mixed niobium-
zirconium phosphate, the existence of the PO4. group was 
Indicated by Infra red spectrophotometry (49^.
Rate studies of various kinds have been made with
T 1137
13
zirconium phosphate. The instability of zirconium phos­
phate at high pH has been examined as a function of pH (32). 
What has been referred to as the hydrolysis of the phos­
phate groups is probably the formation of the very stable 
Zr(OH)4 , whose solubility product is 6.3 x 10~-^(50).
Thermal treatment of zirconium phosphate seems to increase 
the bonding and decrease the rate of exchange (51)* After 
pressing zirconium phosphate powder into pellets, experi­
menters found that the rate controlling step in ion ex­
change is the diffusion of ions through the exchanger
particles (52). Measured diffusion coefficients ranged 
“8 — ft Pfrom 4 x 10 to 15 x 10 cm /sec.
Inorganic ion exchangers in general, and zirconium 
phosphate in particular, have shown enough promise to be 
patented in the major countries of the world. In the 
United States they can be purchased from Bio-Rad Laborator­
ies, Richmond, California, patents have been secured in 
the United States (53), Great Britain (54), France (55,56) 
the Soviet Union (57), and Japan (58). The Japanese patent 
is interesting in its inclusiveness. Zirconium phosphate 
is dispersed in a water,- polyvinyl alcohol, and divinyl 
benzene suspension. The mixture is heated to 90° C, and 
the particles are sulfonated or amminated. The result is 
the world’s first inorganic-organic, cation-anion exchanger.
T 1137
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Amphlett has mentioned, that the hydrogen form of 
zirconium phosphate imparts an acid reaction to water due 
to the ionization of the more acid groups (59). Larsen and 
Vissers claim -"this idea is not reasonable for it would 
require a charged solid residue at the bottom of the beaker,” 
(32). It is the main hypothesis of this investigation that 
the zirconium phosphate in an aqueous solution is indeed a 
charged solid. It is the chief purpose of this work to 
measure the sign and magnitude of the this charge. Then the 
correlation between surface charge and sorptive properties 
will be examined. Furthermore, the effect of the chemical 
composition of the solid on its surface characteristics 
will be studied.
This means that in the case of finely divided 
particles, investigations may be made utilizing the tech­
niques which have evolved in surface and colloid chemistry.
In particular, the electrochemistry of the double layer, 
with its concepts of a variable surface potential, zero 
point of charge, and specific adsorption, should be a power­
ful tool to use in explaining adsorption variations.
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THEORETICAL CONSIDERATIONS
Model of the Electrical Double Layer
The model of the electrical layer that will be 
used in this thesis is that proposed by Gouy (60), and 
later modified by Stern (61). This is illustrated 
schematically in Figure:1, page 16. The surface is con­
sidered to be at a potential , which is given by
Z£- A -  < „
*  t
where = the activity of potential determining ions
> O d = the activity of potential determining ions 
at the zero point of charge
z = valence of the potential determining ions, 
including sign
e = the electronic charge
k = Boltzmannrs constant
T = the absolute termperature
Depending on the concentration of potential determining
ions in the system, the surface will have a positive or
negative charge. Since the system as a whole must be
.electrically neutral, the medium surrounding the particles
















1 Plane Potential Determining Ions
Hydrated Counter Ions 
Negative Counter Ions
Distance
Figure 1. Schematic representation of the double layer 
according to Stern1s model.
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opposite sign to that of the surface charge of the solid. 
Due to the attraction by the charged surface sites, these 
counter ions will not be uniformly distributed over the 
medium, but will be adsorbed at the solid-solution inter­
face. This gives rise to an electrical double layer con­
sisting of the surface charge and a layer of counter ions. 
However, because of thermal agitation, this second layer 
extends over a certain distance from the particle surface 
as a diffuse layer.
Counter ions that are adsorbed, only through electro­
static attraction are called surface-inactive or indifferent 
counter ions. Certain ions may also interact chemically 
with the surface and these are called surface-active counter 
ions. In Figure 1, page 16, the closest distance of approach
of specific adsorption, the charge^^T , of the diffuse 
layer is given by
of indifferent counter ions is the plane & . The potential
at the plane S is and this is generally assumed to be
In the absence
(3)
where f  = the dielectric constant in the double layer




From Maxwell-Boltzmann statistics, the number 
of molecules or ion in any type of cell i can be 
expressed in the following way
1 (4)oNi = exp kT
0where = the bulk concentration
W. = the work that must be done to bring an ion
1 from the bulk to the cell i
Based on this concept, the Stern-Grahame treatment of the
double layer leads to an expression for the adsorption of
counter ions at the plane that is of the form
oC* = C± exp f  -winL kT_ (5)
where C*? = the-bulk concentration In ions/cm^
From purely electrostatic considerations, the work required 
to bring an ion to the plane <5 is If there is a
chemical reaction at the plane & 3 the work is the sum of 
an electrostatic and a chemical work term
- ze ¥i - <f (6)
where, (p = the difference in energy between a chemisorbed
' ion and one in the bulk of the solution.
The (j) term may be evaluated at the point
where the surface is uncharged. In this case, w~ - j> ,
and equation ff>) becomes
Equation (5) niay be converted to express adsorption in 
terms of moles/cm^, giving as a result
n -  for) a  '*> [- $ ] (8)
where Q  = the adsorption density in moles/cm^ at the 
plane
d = the effective diameter of-the adsorbed ion 
in centimeters
In the case where there is no chemisorption, 
equation (8) may be used to calculate the adsorption of 
a counter.ion. The adsorption of an ion at any plane 
whose thickness is A X is
\zeVi1r* = (9)
where ^  = the potential at the plane x
This is shown schematically in Figure 1. The total ad­
sorption at all such planes in the double layer is
Q t o / = 0 * rX l * riz + . . .  r % n oo)
In terms of the potential at the various planes, the 
total adsorption of the counter ion is *
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6 (1 1)
If all the Ate are equal and of atomic dimensions
r̂ , • c ; a  <i2>
The D. L. ‘below the integral sign denotes that the 
integration is to be carried out over the whole double 
layer. To perform the integration, one must know the 
potential as a function of the distance from the surface 
of the solid. This is a classic problem, whose solution 
is shown in many books on surface chemistry. Adamson (62) 
gives the following equation
j e f  z e %  ' Zfijs . _ * *
< ? " T  =  +  ( S ' r - i ) e ----------
where the Greek letter Kappa, ^  , has the following 
mathematical definition
*  „  \ j H E e I E  „ 4)
A V  if KT
Equation (13) may be differentiated to give dx as a 
function of d r -  This result, may then be used to integrate 
the right hand side of equation (12). Integration 




adsorption in the double layer
jU'X _ / ^
,2 ^  Do'e**
(15)
where B is defined as follows o
< £ W 4 £ r ) - / (16>
The first term in the square brackets in equation (15) 
makes it impossible to integrate between the limits x = 0, 
and x-» , which are the limits used in classical double
layer theory. However, the potential is an inverse expo­
nential function of distance and decreases to less than 
one per cent of when the value of %  x equals five.
The lower limit of integration is the plane 5 > the dis­
tance of closest approach. With the insertion of the 
limits of integration, equation (15) becomes
ITeto/ z: tZC< 
K
5-K&+ 3<>-es - 
j l  3 o * e s  & o + e
*S
*6 (17)
This equation gives the total double layer adsorption of 
any ion or molecule as a function of its concentration, 




Origin of the Electrical Double Layer
Several different models have been used to explain
the 'formation of a surface charge on oxides immersed in
water.. Ohe of these theories explains the surface charge
as a result of dissociation of hydrated surface groups
which have formed when broken bonds at the surface have
reacted with water (63). Parks and deEruyn have suggested
that the surface of an-oxide in water becomes charged
through the formation of hydroxo-complexes in solution
and the transfer of the complexes across the interface (64).
The.concentrations of the hydroxo-complexes in solution
are in turn determined by the pH.
In the case of zirconium phosphate, where little
noticeable crystal structure exists in most specimens,
the fracturing of the solid would not be expected to
produce many active sites which could react with water.
On the other hand, zirconium does produce hydroxo-complexes,
but the negative complex, HZrO_, does not even become3
detectable until pH 12.
A satisfactory explanation for the surface charge 
on zirconium phosphate lies within the solid itself. It 
probably consists of zirconyl ions that have phosphate 
ions coordinated about them. The hydrolysis of both of 
these kinds of ions will lead to the establishment of a
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surface charge. If more phosphate ions are hydrolyzed 
than are zirconyl ions, the surface will be negative.
As the pH is lowered, the phosphate becomes uncharged while 
the zirconyl ions assume a more positive charge. This 
means that the surface will become positively charged.
At the point where the number of negative charges carried 
by the phosphate groups equals the number of positive 
charges carried by the zirconyl groups, the surface will 
have no charge. This point is called the zero point of 
charge (zpc).
There are two ways to test the validity of this 
hypothesis. The first Is to vary the pH of the surround­
ing medium, and thence the degree of hydrolysis of the 
phosphate and zirconyl groups, and observe if there is 
a change in the sign of the surface charge. The second 
is to change the molar p/zr ratio in the solid and see 
if this will have any effect on the sign and magnitude of 
the surface charge. Solids which have a greater amount 
of phosphate in them should be more negative than those 
solids which contain a greater proportion of zirconium. 
Electrophoretic Mobility
The motion of colloids when subjected to an electric 
field is called electrophoresis. The existence of electro­
phoresis proves that the particles are electrically
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charged. The velocity of the particles in an electric 
field is related to their zeta potential by the equation
where E.K. = the electrophoretic mobility or velocity 
E = the electric field strength in volts 
KJ = the viscosity of the suspending medium 
^  = the zeta potential
= the dielectric constant 
In describing electrokinetic phenomena, the zeta potential 
is generally assumed to be the same as ^ . In the absence 
of specific adsorption of surface active counter ions, the 
zeta potential- can only change sign at the zero point of 
charge. Since the electrophoretic velocity is directly 
proportional to the zeta potential, when the electro­
phoretic velocity is zero, the seta potential is also zero. 
Hydrolysis of Zirconium and Phosphate Ions
Examination of the hydrolysis reactions of zirconium
and phosphate ions leads to the conclusion that the sur­
face of zirconium phosphate will be negatively charged 
except at low pH values. The zirconium in the solid will be 
hydrolyzed to zirconium hydroxide above pH 2 or 3. Below
phosphate in the solid will have hydrolyzed significantly 
to the H^PO^ ion at pH 2. Raising the pH converts the
(18)
4 7 T  /i
pH 2 or 3 it will consist of zirconyl ions, ZrO++. The
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monobasic phosphate ion into bivalent (HPO^) and 
trivalent (PO^) anions.
The hydrolysis schemes of zirconium and phosphate 
ions are shown in Figures 2 and 3, pages 26 and 27.
Figure 2 shows the logarithm of the concentration of 
zirconium species as a function of pH. Since the phos­
phate species are comparable in concentration, Figure 3 
shows the fraction of each species present as a function 
of pH.
The following chemical equations were used in 
constructing Figure 2 (50,65):
Zr + H20 = Zro++ + 2H+ K = 115
Zr(0H)4 = Zr + 4oH" K = 6.3 x 10-58
Zr(0H)4 + OH- = HZrO" + 2H20 K = 1.7 x 10~5
A total concentration of 10”^mole /liter zirconium has 
been assumed, and concentrations were used in place of 
activities.
The following dissociation reactions were used 
to construct Figure 3 (66):
H,P04 = H2P04 + H+ K = 5.9 X 10"3
HgPOT = HP042 + H+ K = 6.2 x 10-8
HP04 = P04 + H+ K = A.8 x 10"13
where the equilibrium constants have been corrected to
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OUTLINE OF RESEARCH WORK
The primary objective of this research was to 
investigate the effect of chemical composition and 
crystal structure on the surface properties of synthetic 
zirconium phosphate. The principal steps involved In 
the experimental work are as follows:
1. Precipitation, washing, and drying of samples 
of zirconium phosphate.
2. Determination of crystal structures of 
zirconium phosphate by x-ray diffraction.
3. Determination of chemical composition in 
the various samples by x-ray fluorescence.
4. Determination of chemical formulas by the
use of infrared absorption.
5. Determination of zeta potentials as a 
function of pH to determine if hydrogen ion is potential 
determining for zirconium phosphate.
6. Determination of specific surfaces of the
various samples of zirconium phosphate using a B.E.T.
gas adsorption apparatus.
•7. Determination of adsorption isotherms for
a
univalent ions of different hydrated radius.
8. Determination of adsorption isotherms for 
an ion which forms a sparingly soluble phosphate, to 
determine if specific adsorption is actually controlled 
by the formation of surface phosphate compounds.
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EXPERIMENTAL 'MATERIALS AND PROCEDURE
Materials
: Sargent C. P. zirconium nitrate and Baker reagent
grade phosphoric acid were used to precipitate the zircon­
ium phosphates. The nitrate was ignited to the oxide at 
1,000° C and found to have a molecular weight of 244.
Reagent grade chemicals were used to adjust the pH and ionic
strength of solutions. Conductivity water for all tests
was obtained by passing singly distilled water through 
two stages of mixed bed ion exchange resin. This water
was stored in polyethylene bottles.
Lithium hydroxide was prepared by placing Li metal 
into conductivity water which had been boiled to expell 
any carbon dioxide. The LiOH solution was purged with 
high-purity, water-pumped nitrogen to break down any 
carbonate which might be absorbed from the atmosphere.
The Li metal was of high purity grade, obtained from Foote 
Mineral Company, Exton,. Penn. The composition of the 
metal is shown in Table III, page 30.
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Potassium hydroxide, nitric acid, and silver nitrate 
were made up in normal and decinormal solutions with 
Acculutes from Anachemia Chemicals Limited, Champlain,
N. Y. These are sealed ampoules which will give the 
correct reagent concentration within + 0.05$ when diluted 
to one liter. They are reagent grade and free of carbon 
dioxide.
TABLE III
CHEMICAL ANALYSIS OF HIGH 
PURITY LITHIUM METAL












The potassium bromide used in the infra red studies 
was a special infrared grade obtained from K & K Laboratories, 




In the zrP I group of precipitates, where the effect 
of temperature was studied, 400 ml of 0.2 M phosphoric 
acid was added to 400 ml of 0.1 M zirconium nitrate. The 
acid was added a drop at a time while the precipitating 
solution was agitated by a Lightnin* mixer with a glass 
impeller. The precipitation solution was stirred for one 
hour after the last of the phosphoric acid was added. Then 
it was allowed to settle overnight. The pH of the precip­
itation solution was 1.8 at the end of the acid addition. 
During the acid addition the temperature rose from 23° C 
to 25° C.
The gel of zirconium phosphate was washed with 500 ml 
portions of conductivity water, which were decanted off 
after the solid had settled. Washing was continued until 
a constant pH was reached. Table IV, page 32 shows the 
equilibrium pH values for the various zirconium phosphates 
and other zirconium compounds which were precipitated for 
this study.
The gel was then air dried at room temperature 
in Teflon lined^pans. It was ground to minus 200 mesh 
in an agate mortar and pestle and divided into five portions. 
Each of these portions was held for 24 hours at one of 
the following temperatures: room temperature (RT), 110° G,
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300° C, 500° C, and 800° C.
TABLE IV
EQUILIBRIUM oH VALUES FOR WASHED 
ZIRCONIUM PHOSPHATE PRECIPITATES
precipitate Equilibrium pH
Zrp I 3. 3
ZrP II, H20 3 .5
0 . 1 5  M  H ^ P O ^ 3 . 5
1 M  H 3 P O 4 3.8
5 M  H 3 P 0 4 4. 8
ZrP III, P/Zr(soln)= 8 3.5
ZZ 4 3 . 3
= 8 / 3 3.5
zz 2 3 . 3
zz 4 / 3 3 .7
zz 1 3. 6
zz 2 / 3 3.7
= 1 / 2 3 .9
Zirconium Arsenate 4 . 2
Zirconium Silicate 3.1Zirconium Pyrophosphate 3.0
The zrp II group of precipitates, where hydro­
thermal phase changes were studied, was precipitated and 
washed just like gr? I. The washed gel was then divided 
into five portions and each was placed in a West flask
T 1137
33
and condenser and resluxed for 24 hours in one of the 
following solutions: H^O, 0.15 M H^PO^, 1 M H^PO^, ana
5 M H-^PO^. The "boiling points of all of these solutions 
were between 97° C and 99° G. The refluxed gels were 
washed with conductivity water until the pH remained constant, 
air dried in Teflon, and ground to minus 200 mesh.
In the ZrP III series, the molar ratio of phosphorus 
to zirconium was varied. The amount of phosphoric acid to 
be added to the zirconium nitrate was changed in each 
precipitation to give the following molar ratios of phos­
phorus to zirconium in solution: 8, 4, 8/3, 2, 4/3, 1, 2/3,
and 1/2. The last two precipitates were given 10 washes 
In 0.1 N HNO^ to remove any excess zirconyl ions which 
might hydrolyze to zirconium hydroxide during the washing 
process. In this group of gels also, the precipitates were 
washed to a constant pH, air dried in Teflon, and ground 
to minus 200 mesh.
Three other zirconium compounds were prepared in 
order to study the effect of composition on electrophoretic 
mobility. These were zirconium arsenate, zirconium silicate, 
and zirconium pyrophosphate.
The zirconium silicate was prepared by adding 
zirconium oxychloride to sodium silicate to give a 
molar ratio ZrOg/SiOg of one in the precipitating
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solution. The resulting white gel had a pH of 0.5. The
gel was washed until an equilibrium pH of 3.1 was reached.
It was then dried at 110° C and ground to minus 200 mesh
in an agate mortar and -pestle.
The zirconium arsenate was prepared in an identical
manner. The molar ratio Zr/AsO^ in the precipitating
solution was. one. The resulting gel had a pH of 0.2. The
zirconium arsenate gel was washed until an equilibrium pH
of 4.2 was reached. Then it was dried at 110° C and
ground to minus 200 mesh.
The zirconium pyrophosphate was precipitated with
zirconium nitrate and sodium pyrophosphate. The Na^P^O,^* 10H 0
solution had a pH value of 12.6 which was lowered to pH 1.7
with nitric acid. The molar ratio Zr0o/P^0.- had a valued d o
of one in the precipitating solution. The resulting white
gel had a pH of 1.6. The gel was washed in conductivity
water until an equilibrium pH of 3.0 was reached. It was 
odried at 110 G, and ground to minus 200 mesh.
An x-ray diffractometer was used to study crystal 
structure. The zirconium and phosphorus contents of the 
precipitates■were measured by using x-ray fluorescence.
A lithium fluoride crystal and scintillation counter were 
used in the zirconium measurements. An ADP crystal and
z
gas flow proportional counter were used for the phosphorus
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measurements. Standards containing both zirconium and 
phosphorus were made up in 5 per cent steps, using elec­
tronic grade Zr02 and reagent grade K-P0^/2H 0. The 
analyses reported by this method have an accuracy of + 1%, 
which is sufficient to determine the molar ratios of phos­
phorus to zirconium. Since zirconium phosphate is quite 
resistant to chemical attack, a wet analytical scheme must 
include two fusions and precipitations. This somewhat 
complex procedure may give phosphorus values which are 
low by five per cent (33).
The infra red absorption studies were made with a 
Perkin-Elmer 521 recording spectrophotometer. This instru­
ment has a range of 2.5 to 30 microns in wavelength. This 
is equivalent to 4,000 to 300 cm“”* wavenumber. The materials 
to be studied were powdered and pressed with potassium 
bromide into pellets in an evacuated die. One milligram 
of sample was used with 200 milligrams of KBr. This 
technique avoids extraneous absorption peaks from nujol, 
and extends the usable range of the instrument from 800 cm“  ̂
to 400 cm"^. Besides the zirconium phosphate, samples of 
NaHgPO^’HgO, Na^HPO^, K PO^^H^O, P^O^, and electronic 
grade ZrO^ were run to determine the spectra of various 
phosphates a.nd compounds with Zr-0 and P-0 bonds.
Electrophoretic mobility measurements were carried
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out with the aid of a Riddick Zeta-Meter. It consists of 
a d-c power supply which can be varied from zero to 300 
volts, a reversible polarity switch, and precision voltmeter 
and an electric timer capable of measuring time to the 
nearest tenth of a second. The electrophoresis cell is 
made of acid and alkali resistant Plexiglas. The anode is 
made of a molybdenum alloy and the cathode of platinum- 
iridium. Use of the molybdenum anode extends the range 
of zeta potential determination by reducing the evolution 
of gas at higher ionic strengths or higher voltages.
The Zeta-Meter cell was filled with a, 35 cc aliquot 
with a solid concentration of 0.1$. During this operation 
care was taken to see that no air bubble was entrapped in 
the cell. The average time of travel of ten particles 
was measured and the electrophoretic mobility was read from 
an appropriate chart-, supplied with the instrument.
The samples of zirconium phosphate were placed 
in water and allowed to rehydrate for 24 hours before 
measuring their electrophoretic mobility. If sufficient 
time was- not allowed for rehydration, the measured zeta 
potentials were low and not reproducible. Figure 4, page 
37 shows the zeta potential of one of the samples as a
function of pH. The establishment of the surface charge
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The surface areas of the precipitates were measured 
with a volumetric 3.E.T. gas adsorption apparatus, uaing 
Krypton.at liquid nitrogen temperature. A computer program 
whs written to calculate specific surface, using a Control 
Data Corporation 8090 computer.
Adsorption of lithium, potassium and silver ions 
on various zirconium phosphates was measured as a function 
of solution pH.
The adsorption experiments were carried out in 
beakers of 600 ml capacity. The beaker, which has no 
pouring lip, was closed off with a rubber stopper which 
has holes in it for a glass and a reference electrode, 
a thermometer, and a gas inlet and outlet. The stoppered 
beaker containing zirconium phosphate in suspension and 
a metal ion salt was maintained at a constant temperature 
of 25° C by immersing it partly in a one liter beaker 
through which thermostatically controlled water was passed.
It was possible to control the temperature of the bath 
within + 0.2° C. An atmosphere of high purity nitrogen 
was maintained in the cell. The nitrogen was saturated 
with water vapor by passing it through a column of cond­
uctivity water. This prevented evaporation of the solution
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by the nitrogen during the adsorption experiments. The 
suspension was stirred with a magnetic stirrer and Teflon- 
covered stirring bar. The pH of the system was measured 
with a Beckman Zeromatic II pH meter. A schematic represent­
ation of the adsorption cell is shown in Figure 5, page 40.
A weighed amount of air-dried zirconium phosphate
was rehydrated for 24 hours in conductivity water; then
-3the suspension was made up to 10 M in metal ion by adding 
a known amount of the metal hydroxide and diluting to 500 
ml. The suspension was then allowed to equilibrate for 
two hours. For each adsorption measurement the pH was 
adjusted with decinormal or normal nitric acid. The system 
was then allowed to equilibrate for two hours. The mini­
mum time required for the attainment of equilibrium was 
determined by carrying out experiments in which the lithium 
ion adsorption was measured at different time intervals, 
without changing the pH of the system. These time intervals 
were 15 min, 30 min, 1 hr, 2 hrs, 8 hrs, 19 hrs, and 24 hrs. 
The results of this experiment are shown in Figure 6, page 
41. Equilibrium was attained in two hours. Since the 
lithium is the most highly hydrated of the ions that were 
used, it should encounter the greatest number of steric 
difficulties in establishing equilibrium.
Metal ion concentrations were measured by drawing a
































five ml sample from the adsorption cell. To avoid dilution, 
dry glass ware was used for sample withdrawal and storage.
The samples were centrifuged, and the supernatent liquid 
was analyzed for metal ion content.
The potassium and lithium contents of the samples 
were measured by determining their relative absorptions in 
an air-acetylene flame. The instrument used for this pur­
pose was a Techtron AA4 atomic absorption spectrophotometer,
A combination Na-K-Li lamp was used, with a lamp current 
of 10 ma. The transmittance of the samples was measured 
as they were aspirated into the flame. These were con­
verted to absorbance values using the relation
XAbsorbance = log  ̂ = - log (Transparency) (19)
*t
where 1^ = the intensity of incident light
I = the intensity of transmitted lightw
(Transparency) = 100 x percent transmittance
Potassium ion concentrations were measured at a 
wavelength of 766? A with a slit width of 200 mu. Figure 7, 
page 43, shows the absorbance as a function of potassium 
concentration. There is a linear relationship between 
absorbance and concentration only as long as the concentration 


























were diluted until their concentrations were 6 x 10“ ̂ M or 
less.
Lithium ion concentrations were measured at a
wavelength of 6708 A with a slit width of 50 mu. Figure 8,
page 45, shows abosrbance as a function of lithium
concentration. In this case the absorbance and concentration
-4are directly proportional up to a concentration of 6 x 10 M.
The lithium adsorption samples were diluted until their
concentrations were 5 x lO-^ M or less.
The silver ion contents of adsorption samples were
measured by determining their relative emissions in an
oxygen-hydrogen flame. The instrument used was a Beckman
DU ultraviolet spectrophotometer with a photomultiplier
tube. Concentrations were measured at a wavelenth of
3383 A. The slit width was varied to give 100 percent trans-
-3mittance for the standard containing 10 M silver. Figure 
9, page 46, shows percent transmittance as a function of 
silver concentration. Under these conditions, the net 
percent transmittance was directly proportional to the 
concentration, even at 10“^ M silver. The silver adsorption 
samples were, measured directly without being diluted.
0.
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These studies show that* the majority of the
zirconium phosphates had no definite crystal structure.
The diffraction patterns showed, only two or three broad
peaks, which may be indicative of a layered structure
having 3.3 to 4.4 A between the planes. The only exception
was the Zrp II sample which had been refluxed in 5 M H PO..
3 4
This sample showed a diffraction pattern that is typical 
for a crystalline material. Table V, page 48, is a summary 
of the diffraction patterns which were obtained, with the 
exception of ZrP II, 5 M H^PO^* which is shown in Table VI, 
page 49.
Dehydration of Zr P I
These experiments showed that Zrp I was essentially 
dehydrated at 300° C. Table VII, on p a g e  4.9,r gives the 
per cent water lost at various temperatures.
Chemical Composition Determinations
The wide variation in chemical composition which 
may exist in zirconium phosphate is shown in Table VIII, 
page 50.
TABLE V




ZrP I, Room Temperature 4*43 to 12
3.42 12
110° c 4*43 12
300° C 4.43 11
500° C 4.43 1 1
800° c 4.43 112.64. 5
Zrp II, HgO 3.32 6
0.15 K H R), 4.35 93 4 2*60 3
1 M H P04 4.43 162.64 8
1.71 2
Zrp III, p/zr {Soln) = 8 4*35 to 12
3.63 12
2.60 4
= 4 4.35 102.64 4
= 8 /3 4.35 to 7
3.42 72.64 2
= 2 See ZrP I, Room Temp
= 4/3 4.40 to 5
3.30 5= 1 3.29 5
= 2/3 3.29 4
= 1/2 3.29 5
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TABLE VI
X-RAY PATTERN FOR ZrP II, 5 M H,PO
2 A
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CHEMICAL COMPOSITION OF' ZIRCONIUM PHOSPHATES
Sample % ZrOg -P2°5 P/Zr
Zrp I, Room Temperature 40.4 45.0 1.87110° C 40.4 45.2 1.92
300° c 41.0 45.7 1.98
500° c 40.4 46.3 1.96800° C 40.6 46.8 2.00
Zrp II, H20 41.0 44.2 1.85
0.15 M H3P04 38.2 46.5 2.10
1 M H PO^ 38.2 46.5 2.10
5 M H3P04 26.0 46.3 CVJ•
ZrP III, p/Zr (Soln) = 8 38.2 47.2 2.13
= 4 37.6 46.8 2.15
= 8/3 39.3 45.0 2.03
= 2 See ZrP I, Room Temp
= 4/3 41.0 43.7 1.84
= 1 43.8 39.4 1.54
= 2/3 48.0 33.0 1.28
- 1/2 48.0 29.2 1.05
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These analyses showed ZrP I to have one of two formulas, 
Zr(KP0^)#H20 or .ZrOfHgPO^Jg. Table IX, below, gives a 
comparison between calculated and experimental values for 
the above two formulas.
TABLE IX
COMPARISON OF CALCULATED AND ACTUAL 
FORMULAS FOR ZrP I
Substance Experimental (500°C) Calculated




Infra Red Absorption Studies
Zirconium phosphate is semi-transparent to infra­
red radiation. The spectra of all the precipitates 
showed several well defined absorption peaks. These were 
identified by comparison with standard samples of phos­
phates, zirconia, and phosphorus pentoxide. Figures 10 
through 19, pages 52 to 6 1, which show transmittance as 
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the various samples. The curves have been displaced 
vertically to keep them from overlapping.
Electrophoretic Mobility Experiments
The Figures 20 through 3.9$ pages 64 to 83, of zeta 
potential as a function of pH, show that hydrogen ion is 
potential determining for zirconium phosphate, zirconium 
arsenate, zirconium silicate, and zirconium pyrophosphate. 
Table X, page 63, presents the zero points of charge of 
the various zirconium compounds.
Surface Area Measurements
. There was a wide variation in the measured surface 
areas of the dried gels. This variation is shown in 
Table XI, page 84. in general, the materials with a low , 
P/Zr ratio have a high specific surface. All of the 
surface area values are quite low compared to those which 
have been measured for other gels. Silica gel may have 
a specific surface as high as 600 m2/g (67). The low 
specific surface values may be caused by the prolonged 
drying under vacuum which is necessary for the operation 
of the B.E.T. apparatus.
Adsorption Measurements
Since many of the zpc values and specific surfacesA
of the precipitated gels were quite similar, adsorption 




ZERO POINTS OF CHARGE FOR VARIOUS 
ZIRCONIUM COMPOUNDS
Compound zpc (pH)





ZrP II, H20 1.9
0.15 M H_PO.3 4 1.8
1 M H-zPO, 3 4 1.7
5 M H PO, 3 4 1.1(est)
ZrP III, P/Zr =2.13 1.5
= 2.15 1.7
= 2.03 1.9
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SPECIFIC SURFACES OF ZIRCONIUM 
PHOSPHATE GELS, MEASURED 
BY GAS ADSORPTION
Sample Specific Surface (F/g)
ZrP I, Room Temperature 14.4 
110° C 4.09 300° C 2.26 
500° C 2.03 800° C 2.14
ZrP II , H„0 10.2
0.15 M H PO. 2.37 3 ^
1 K H_PO 1.47 3 4
5 M H P04 21.9
Zr? ill, p/zr = 2.13 1.082.15 0.876— 2.03 0.703
— 1.87 14.41.84 65.8
zz 1.54 21 1




measurements were made In solutions containing 10  ̂ M 
metal ion. Potassium and lithium were used because of 
the differences in their hydrated ionic radii. Potassium 
has a hydrated ionic diameter of 3 A, and lithium has a 
hydrated diameter of 6 A (68). Silver was chosen as a 
monovalent cation having a sparingly soluble phosphate, 
the solubility product of Ag-^PO^) being 10~2^ (69). Table 
XII, page 86, shows the solids which were used and the ions 
which were adsorbed on each solid.
Adsorption in meq/g is shown as a function of pH 
in Figures 40 through 49, pages 87 to 95. The zpc obtained 
by electrophoretic measurements is also indicated for each 
substance.
It is immediately evident that, adsorption values 
are lowest at the zpc and at pH values where the solid 
is positively charged. This furnishes direct evidence that 
metal ion3 are electrostatically attracted to the surface of 
zirconium phosphate, and that it is the establishment of an 
electrical double layer at the surface of the zirconium 
phosphate that Is responsible for the sorptive properties 
of this material.
The chemisorption of silver ion on zirconium phos­
phate is shown by Figures 47 and 48, pages 94 and 95. Al­
though Ag+ has the same ionic charge and radius as K+ ,
T 1137
TABLE XII
PRECIPITATES AND METAL IONS USED 
IN ADSORPTION MEASUREMENTS
Metal Ions
Precipitate K+ Li+ Ag*
ZrP I, Room Temperature X X110° C X X
800° C X
Zrp II, h 2o X
5 M H^PO^ X
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the adsorption of silver remained constant as the pH was 
varied. This effect is probably caused by the formation 
of slightly soluble silver phosphates such as AgH^PO^ and 
AggHPO^- on the surface of the zirconium phosphate.
The chemical work in the adsorption of Ag+ as given 
by equation (8 ) can be evaluated at the zpc of the solid. 
The adsorption densities must therefore be measured in 
equivalents per square cm. The terms are as follows:
2rP III, P/Zr = 2.13, <f> = 8.1 kcal/mole Ag+; ZrP II, H20, 
(p = 6 .8 kcal/mole Ag*; and ZrP III, P/zr = 1.28, (f =
7.6 kcal/mole Ag+ . For a system at constant temperature 





The dried gels of zirconium phosphate are not 
completely amorphous. The results of this study agree with 
other data that have been interpreted as confirming the 
existence of a cubic structure. It is much more likely 
that a two-dimensional structure exists, and this structure 
would explain the high adsorption capacity which zircon­
ium phosphate has with respect to cesium (34). The 
hydrated Cs+ ion has a diameter of 2.5 A, which would 
allow it to fit between the layers of the precipitates.
On the other hand, Li+ with a hydrated diameter of 6 A, 
or Na+ with a hydrated diameter of 4.5 A would only 
adsorb on the outside surfaces of the zirconium 
phosphate.
The conditions normally used to prepare zirconium 
phosphate Involve a rather rapid precipitation. The 
steric requirements for forming a crystalline precipitate 
obviously can not be met. The result is a rather random 
structure, in which many of the constituent atoms have
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failed to find their way to a true equilibrium position.
Clearfield and stynes (70) are of the opinion that each
phosphate is bonded to three different zirconium atoms
through an oxygen, forming a sheet-like structure.
The d value of 4.4 A seems most likely to represent
the distance between zirconium atoms bonded to each other
by an oxygen atom. This distance agrees quite closely with
the interatomic distances given by Pauling (71) and
Clearfield and Vaughn (72).
A comparison of Tables II and VI, pages 10 and
49, shows that Zrp II refluxed in 5 M H.PO. is identical3 4
with the hexagonal form prepared by Sedlakova and pekarek
(42). The peaks found with the diffractometer in this
study are in excellent agreement with those found with a
powder camera when the intensity from the photograph is
five or greater. This is due to the fact that Zrp II,
5 M H PO,, was refluxed for 24 hours. It would not be 3 4
expected to develop the same degree of crystallinity as 
a sample that had been boiled for 100 hours.
Dehydration and Infrared Absorption Studies
The t* 0• Zr0~ and Po0^ contents of ZrP I show that2 d d p
two equivalent structures may exist. The question of 
which is correct was resolved by the infrared abosrption
iff
spectra. IC-^PO^^H^O has an absorption maximum
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at 522 cm"1. Na^HPOi. has maxima at 513 cm" 1 andd H
522 cm with additional peaks at 462 cm 1 and 595 cm 1. 
KaH^PO *H^0 has maxima at 506 cm” 1 and 516 cm”1, but none2 4 2
at lower wavenumbers.
The spectra of all the zirconium phosphates are
dominated by a large absorption band at 1050 cm'"1. This
is due to a P-0 bond, however, and is certainly to be
expected. In the ZrP I series, the spectra of all the
samples show a double peak at 508 cm” 1 and 515 cm"*1.
There is no peak at 460 cm” 1 nor any near 525 cm"1. This
fact would seem to rule out the existence of Zr( HPÔ .) *H20
and justify the formula ZrO(H P0A )_. Early investigators2 ^ 2
of zirconium phosphate chose the latter formula, just­
ifying their choice by saying that ZrO++ is the predom­
inant zirconium species under the conditions of precip-
/ +4itation of the phosphate (30). The hydrolysis of Zr
+4shows this reasoning to be faulty, however. The Zr ion 
precipitates out as the hydroxide, not ZrO++, even though 
the tetravalent ion is far from being the dominant species 
in solution.
The appearance of an absorption band at 740 cm" 1 
in the spectra of the samples held at 500° C and 800° C 
signifies that a chemical change is taking place. Some 
authors report this as the condensation of acid phosphate
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groups and. the formation of P-O-P bonds (24,35). The 
compound which is probably formed is zirconium pyrophos­
phate, Zrp^O^. There is experimental evidence which tends 
to disprove this notion. One consideration is the 
dissociation behavior of pyrophosphoric acid, H^P^O^.
This behavior in solution is shown by the following 
dissociation reactions (68):
K4P2°7 = H3P2°7 + H+ K = 3 x  10"2
H3P2°7 = H2P2°7 + H+ K = 4-37 x lcT3
H2P2°7 = HP20 + H+ K = 2.52 x 10-7
HPo0„3 = P^o"4 + H+ K = 5.63 x 10"10
These equilibrium constants have been corrected to zero 
ionic strength.
These reactions make it clear that H^P^Oy is 
highly dissociated, even at low pH. This means that 
zirconium pyrophosphate should have a very negative 
surface, i. e., a low zero point of charge. Experimental 
confirmation of this idea is given by Figure 39, page 83. 
Zirconium pyrophosphate is quite like zirconium phosphate 
in its surface properties. It is negatively charged 
above its zpc at pH 2.
Most of the spectra of the ZrP II series also
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showed well defined characteristics of the HgPO^ ion.
The sample refluxed in 5 M also showed an absorption
peak at 600 cm“V> indicating that HPO^ was also present.
When the molar ratio of p/zr was decreased in 
the Zrp III series, the peaks at 508 cm"1 and 513 cm*"* 
became less pronounced and almost disappeared when the 
p/zr ratio; in the solids became 1.28 and 1.05. These 
two samples should show properties that are more like 
zirconia than those which have a high phosphate content.
All of the infr ared spectra of the various 
zirconium phosphates failed to show any evidence of the
-3PO^ ion. This should show up as an absorption band in
the region of 1,000 cm“1 to 980 cm-1 (73). The existence
of a band in this region is necessary to support the
-3observation that the PQ^ ion is.present (49). 
Electrophoretic Mobility Studies
The ability of hydrogen ion to change the sign 
of the zeta potential of zirconium phosphate is well 
demonstrated. In the ZrP I group of samples, there is 
little change in the zpc as the material is heated to 
lower temperatures. But the zpc of the material heated 
to 800° C is noticeably higher. This may be due to 
surface oxidation of the zirconium phosphate. This would 
produce a surface which had a higher proportion of
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hydrolyzed zirconium sites, and fewer negative phosphate 
sites. The result would be to shift the zpc to higher pH 
values. A surface reaction such as the following could 
be written
Zr0(H2P04 )2(surf) = Zr02 (surf) + P2°5(g ) + 2H2°(S)
This reaction would not take place until 350° C, which is 
the sublimation temperature of P20^ at one atmosphere.
The effects of the reaction would not be noticeable at 
500° C if it proceeds slowly at that temperature. The 
kinetics of such a reaction would certainly be much 
faster at 800° C.
When more and more phosphate was driven into the 
sturcture of the precipitates in the Zrp II series, the 
zpc values went to markedly lower pH values. The sample 
that had been refluxed in 5 M k&d a ze_ta potential
of -15 mv at pH 1.5. Its zpc could only be estimated 
because of thermal overturn in the electrophoresis tube 
at pH values lower than 1.5.
On the other hand, as more zirconium went into 
the structure of the precipitates, the zpc's went to 
higher pH values. This effect is very noticeable in the 
ZrP III group of precipitates. There is a difference of 
three pH units in the zpc between a precipitate where
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P/2r =2.13 and a precipitate where p/zr = 1*05. The zpc 
of electronic grade zirconia which had been hydrated for 
24 hours was pH 7.8.
The electrophoretic mobilities of other zirconium 
compounds make it even more evident that hydrolysis of the 
constituent ions of the solid is responsible for the 
establishment of the surface charge. The pyrophosphate 
species consists of negative ions, even at low pH values.
As a result, the zpc of zirconium pyrophosphate is at a 
low pH, namely pH 2.
The dissociation reactions of phosphoric acid, page 
25, may be compared with the same type of reactions written 
for arsenic acid, shown below (50)
HjAsO^ = a AsO^ + H+ K = 2.5 X 10'A
— p « O
K As04 = HAs04 + H K = 5.6 x 10~
“ 2  *“3 1 ̂HAsO, = AsO,, + H+ K = 3 x ■10“ '’4 4
The equilibrium constants for these reactions show that 
the first step in the dissociation of arsenic acid takes 
place near pH 4. This is about one pH unit more basic 
than the corresponding reaction for phosphoric acid.
This in turn is reflected in a shift in the zpc of 
zirconium arsenate to pH 4.
In the case of silicic acid, dissociation does not
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begin until pH 10 is approached. The equilibrium constantss.
for the dis'sociatim of silicic acid are given below (50)
H SiO, = HSiol + H+ K - 102 3 3
= — 12HSiO, = SiO, + H K = 103 3
As a result of these reactions, zirconium silicate contains 
a greater proportion of positively charged species at low 
pH, The surface of zirconium remains positively charged 
until pH 6.2 is reached.
Surface Area Measurements
The wide variety of specific surface values 
obtained within any one series of precipitates makes it 
clear that the specific surface is also dependent on the 
composition and prior history of the solid.
In the Zr? I group of precipitates, there is a 
correspondence between the water driven off at high temp­
eratures and the specific surface. The possibility exists 
that the water of hydration holds apart the layered 
structure. As the water is driven off, the layers bond 
more firmly to each other, instead of through a water 
molecule or hydroxyl ion.
In almost all of the solids, a decrease in the 
phosphate content leads to an increase in specific surface. 
This indicates a model where the zirconyl groups are
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coordinated about the phosphate ions. The more negative 
ions there are in the solid, the tighter the clustering.
This model doesn’t hold for ZrP II, 5 M H^PO^, where the 
individual particles formed during the refluxing contribute 
to the specific surface. Nor does it hold for Zrp III,
P/Zr = 1.28 and 1.05. In these two solids, the lack of 
phosphate groups in the structure may lead to bonding of 
the zirconyl groups to one another.
Adsorption Studies
These experiments had three purposes: (1) to
determine if the alkali metal ions were electrostatically 
attracted to the zirconium phosphate surface, (2) to 
determine if the specific surface as measured by gas ad­
sorption played a role in adsorption densities, and (3) 
to determine if there was specific adsorption in the case 
of a univalent ion that forms a sparingly soluble phosphate.
The electrostatic attraction of the alkali metal 
ions to the zirconium phosphate is demonstrated beyond 
questl-hm. The metal ions are not adsorbed in appreciable 
amounts until the potential determining icns have estab­
lished a negative surface on the solid. The good agree­
ment between the adsorption studies and the zeta potential 
measurements show that the methods of colloid science can 
be successfully applied to determine the mechanism involved
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in the ion exchange on inorganic ion exchangers. From 
the success of these experiments, it could he postulated 
that zirconium arsenate should function as a cation ex­
changer above pH 4. zirconium silicate would then function 
as an anion exchanger in acid solutions.
The difference in the adsorption densities of 
potassium and lithium ions is due to the difference in 
their hydrated radii. Equation 07), page 21, may be 
used to calculate the theoretical adsorption densities of 
potassium and lithium. For example, take 
C° = 10 ^ moles/liter
C+ = total ionic concentration in the bulk =
-210 M
= - 250 mv
Then under these conditions
r  . = 1.8 x 10”^ coul/cm2K+
f 1 + = 1.1 x lo”^ coul/cm2Li
This equation predicts that the lithium adsorption will 
be roughly half that of the potassium adsorption. The 
figures showing adsorption as a function of pH show that 
this prediction is followed fairly well.
The specific surfaces as measured by gas adsorption 




from aqueous solution. The solution adsorptions for a 
given ion are all roughly equal, whereas the specific 
surfaces obtained from the B.E.T. equation vary by a 
factor of 200. This point makes it obvious that the 
gas adsorption technique does not measure the surface 
which is available to the aqueous ions. There are three 
pieces of experimental evidence which show that there are 
major changes in the structure of zirconium phosphate 
as it hydrates. The first of these is the fact that 
Hamlen (44) noticed a volume increase of 22% in a sample • 
of zirconium phosphate as the solid absorbed water. He
decided that this represented two moles of water taken
up- for every mole of ZroC^PO^Jg*
Figure 4, page 37, provides the second piece of
evidence that hydration changes the nature of zirconium 
phosphate. This graph of zeta potential as a function 
of.pH shows that the zeta potential nearly doubles after 
24 hours hydration. The surface becomes more and more 
negative as additional phosphate groups are exposed.
The final verification of this point is provided 
by the comparison of the actual potassium ion adsorptions 
and those calculated from equation (17), page 21. These 




COMPARISON OF ACTUAL AND CALCULATED POTASSIUM 
ION ADSORPTION DENSITIES FOR 
Zrp II, p /z r  = 1.54
/^K+ (exp) P K+(calc) /V* V  exp/1*
PH (coul/cm2 ) (coul/cm^) (muf/cm^) (muf/ cm2 )
7.6 3.77 X 10” 5 7.7 X 10~6 1.65 1 ,020
6.5 3.50 X 1 0 -5 4.6 X 1 0 -6 1.9 920
5.4 3.08 X 10 " 1 .8 X VO"6 2.2 830
4.4 1.73 X 10’ 5 9.6 X IQ"7 3.8 530
3.3 1.28 X 10“5 3.7 X 10~7 T  — ---
2.8 0.0 2.6 X IQ"7 -- ---
2.3 0.0 1.5 X 10“7 --- ---
1.5 0.0 LTV•O X lO*7 ... ...
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column gives the experimental values of adsorption. These 
were obtained from the values in meq/g by multiplying 
them by Avagadro*s number and the electronic charge, and 
dividing by the specific surface obtained from the gas 
adsorption experiments. The second column is the calculated 
adsorption densities. Capacitance is defined as the ratio 
of the charge to the potential difference. Column three
has been calculated from equation 3, page 17* The 
zeta potential values have been taken from Figure 33, 
page 77. In solutions of pH 5 to 9, the potassium ion is 
the chief cation in solution, and the charge on the surface 
is due to potassium ion adsorption. The fourth column 
gives experimental values of the diffuse layer capacitance,
The calculated values are reasonable, for exper­
imental values of the diffuse .layer capacity on mercury
Since the calculated values of adsorption and capacity 
are not a function of the specific surface, it is definite 
that the surface areas used in the experimental values 
are far too small. This is the reason why the calculated 
values were multiplied by 75 in Figure 49, page 96,
shows the capacity of the diffuse layer,
expressed as
and silver iodide are between 5 and 20 muf/crn^.(74)
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The free energies of adsorption of Ag+ at the 
zero point of charge are nearly the same for all of the 
precipitates. This indicates that the mechanism is the
-3- same in all three cases. Since the concentration of PO^
is negligible, the compounds which are formed are possibly
A g ( H o P O x and Ac^(HPO ■}, _ . . Since all the<= 4' (surface) 2 4 (surface)
bivalent metal ions form Insoluble phosphates, the phen­
omenon of chemisorption is the reason for the large 




1. The effect of composition and prior treatment 
on the surface properties of zirconium phosphate was 
studied by electrophoretic techniques and the determin­
ation of adsorption isotherms for various cations as a 
function of pH. X-ray diffraction, gas adsorption, and 
infra red absorption techniques were used to investigate 
chemical composition and structure in the-dried - 
precipitates.
2. Zirconium phosphate is a non-stoichiometric 
compound showing only a two-dimensional structure. This 
two-dimensional structure becomes hexagonal upon reflux- 
ing in strong phosphoric acid.
3. Infrared and composition studies show that 
the dried precipitates contain the monobasic phosphate,
H2PCV
4. Electrophoretic mobility experiments show 
that hydrogen and hydroxyl ions are potential determining 
for zirconium phosphate. The establishment of the sur­
face charge by the hydrolysis of the constituent ions
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of the solid is further demonstrated by the zero points 
of charge of other hydrous zirconium compounds.
5. Adsorption isotherms for univalent ions of 
different hydrated radii demonstrate that it is the electro­
static attraction between the negative zirconium phosphate 
and the cations which accounts for the ion exchange 
properties of zirconium phosphate.
6. Adsorption studies of a univalent ion which 
reacts with the surface of the zirconium phosphate show 
that chemisorption is a major factor in the uptake of 




1. Helfferich, F. G-., Ion Exchange: New York, McGraw-
Hill Book Company, Inc., 1962, p 2.
2. Amphlett., C. B., McDonald, L. A., and Redman, M. J.,
Synthetic Inorganic Ion Exchangers-I:. Zircon­
ium phosphate: Jour, of Inorganic and Nuclear
Chemistry, v. 6, p. 220, (1958).
3. Kraus, K. A., and Nelson, F., Ion Exchange in Hydrous
Metallic Compounds: peaceful Used of Atomic
■Energy, Second Conference, Geneva, v. 28, p. 3,
(1958).
4. Kraus, K. A., and Phillips, H. 0., Adsorption on
Inorganic Materials - IV. Cation Exchange 
Properties of Zirconium Antimonate: Jour.
Am. Chem. Soc., v. 84, p. 2267-8, (1962).
5. Redfern, G. E. and Salmon, M. B., Chromium phosphate -
II. Phase Diagram at 70° and Further Ion Ex­
change Studies in the System Chromium (III) - 
Phosphoric Acid: Jour. Chem. Soc., v. 1961,
p. 291-7, (1961).
6; Inoue, Y., Studies on the Synthetic Inorganic Ion 
Exchangers - I. Synthesis of Stannic phos­
phate and Some of its properties: Jour, of
Inorganic and iM'uclear Chemistry, v. 26, p. 
2241-53, (1964).
907. Lieser, K. H., and Hild, W.,. nemoval of Sr from 
Solutions: Naturwissenschaften, v. 47, p.
494-5, (1960).
115
8. Baxter, G. P., and Griffin, R. C., Base Exchange in
Ammonium-12-molybdophosphates: Amer. Chem.
Jour., v. 34, p. 204, (1905).
9. Thistlethwaite, Yf. P., Base Exchange in Ammonium
Molybdophosphate: Analyst, v. 72, p. 531, (1947).
10.- Buchvrald, H. and Thistlethwaite, W. P., Some Cation
Exchange Properties of Ammonium-12-Kolybdophos- 
phate: Jour, of Inorganic and Nuclear Chemistry,
v. 5, P. 341, (1957).
11. Sucbwald, K., and Thistlethwaite, W. P., Thallous-12-
Molybdophosphate: Jour, of Inorganic and
Nuclear Chemistry, v. 7, p. 292, (1958).
12. van Smit, J. R., Ammonium Salts of the Heteropoly
Acids as Cation Exchangers: Nature, v. 181,
P. 1530, (1958).
13. van Smit, J. R., Robb, V/.,. and Jacobs, J. J., Cation
Exchange Properties of the Ammonium Heteropoly 
Acids: Jour, of Inorganic and Nuclear Chemistry,
v. 12, p. 95, (1959).
14. van Smit, J. R., Robb, W. and Jacobs, J. J., AMP -
Effective Ion Exchanger for Treating Fission 
Naste: Nucleonics, v. 17, p. 116 , (1959).
15. Krtil, J., and Kburin, V., Exchange properties of
Ammonium Salts of 12-heteropoly Acids. Sorption 
of Cesium on Ammonium Phosphotungstate and 
phosphomolybdate; Jour, of Inorganic and Nuclear 
Chemistry, v. 12, p. 367, (1960).
16. van Smit, J. R. and Robb, W., Ion Exchange on Ammonium
Molybdophosphate - II. Bivalent and Trivalent 
Ions: Jour, of Inorganic and Nuclear Chemistry,
v. 26, p. 509-18, (1964).
17. Illingsworth, J. ¥., and Keggin, J. F., Identification
of the 12-Heteropoly-Acids and Their Salts by 
Means of X-ray ?ov;der photographs: Jour. Chem. 
Soc., V. 1935, P. 575, (1935.)
X I I Oi
116
18. Amphlett, C. V., and McDonald, L. A., Synthetic Ion
Exchange Materials - II. Hydrous Zirconium 
Oxide and Other Oxides: Jour, of Inorganic and
Nuclear Chemistry, v. 6, p. 236, (1956).
19. Ahrland, S., Use of Inorganic Ion Exchangers For
Reprocessing purposes: Aqueous Reprocessing
Chemistry of Irradiated Fuels, Symposium,
Brussels, p. 341-3, (1963).
20. Amphlett, C. 3., Inorganic Ion Exchange Materials -,
Topics in Inorganic and General Chemistry,
Volume 2: Elsevier Publishing Company, New
York, 1964, p. 149.
21. Osborn, G. H., Synthetic Ion Exchangers, Developments
in Theory and Apolieation: London, Chaoman and
Hall, 1961, p. 346.
22. Amphlett, C. B., Treatment and Disposal of Radioactive
Wastes: New York, pergamon Press, 1961, p. 13.
23. Ahrland, 3. Albertsson, J., Johansson, L., Nihlgard,
B., and Nillson, L., Acidity, Hydrolysis, and 
Acid Resistance of Some Inorganic Ion Exchangers 
- I. Zirconium phosphate: Acta Chemica
Scandinavica, v. 18, p. 707-20, (1966).
24. Kaigya, T., Shimizu, T., Sano, T., Azuma, K., and
Fukui, K., High Temperature Behavior of 
Zirconium Phosphate: Kogyo Kagaku Zasshi,
v. 6 7, p. 261-4, (1965).
25. Patent, Japan, 19,102 (1963) to Mitsubishi.
26. Bier, M., Characteristics of Clays and Phosphates
as Ion Exchangers: Spinner Weber Textil-
veredl, v. 81, p. 230-4, (1963).
27. Hansen, H. J., Intrinsic Factor Detection in Cases
of Pernicious Anemia: Analytical Biochemistry,
v. 16, p. 287-93, (1966).
28. Amphlett, C. B. McDonal, L. A. Burgess, J. S. and
Maynard, J. C., Synthetic Inorganic Ion Ex­
changers - III. The Separation of Rubidium and 
Cesium on Zirconium Phosphate: Jour, of In­
organic and Nuclear Chemistry, v. 10, p. 6 9, (1959).
T 1137
117
29. Boyd, G. S., Schubert, J., Adamson, J., and Russel, ■
P., United States Atomic Energy Commission 
Report CN-508 (1943).
30. Hevesy, G. and Kimura, K.., The Solubilities of the
Phosphates of Zirconium and Hafnium; Jour.
Am. Chem. Soc., v. 47, p. 2540, (1925).
31. Amphlett, C. B., and McDonald, L. A., Ion Sieve
Properties of Zirconium Phosphate; Proc. Chem. 
Soc., v. 1962, p. 276, (1962).
32. Larsen, E. M., and-Vissers, D. R., The Eschange of
Li+ , Na* and K+ ’with H+ on Zirconium Phosphate: 
Jour. Physical Chem,, v. 64, p. 1732-6 (1960).
33. Nancollas, G. K., and Pekarek, V., Sorption Properties
of Zirconium Phosphates of Various Crystallinities: 
Jour, of Inorganic and Nuclear Chemistry, v. 27, 
p. 1409-18, (1961).
34. Baetsle, L,, Ion Exchange Properties of Zirconyl
phosphates - III; Jour, of Inorganic and Nuclear 
Chemistry, v. 25, p. 271, (1963)-.
35. Vesely, V., and Pekarek, V., A Study of Sorption on
Zirconyl Phosphate and Changes in its Properties 
at Higher Temperatures: Jour, of Inorganic
and Nuclear Chemistry, v. 25, p. 697, (1963).
36. Ahrland, 5. and Albertsson, J., Sorption Behavior
of Zirconium Phosphate: Acta Chernica Scand-
anivica, v. 18, p. 1861-78, (1964).
37. Amphlett, C. B., Eaton, P., McDonald, L. A. and Miller,
A. J., Synthetic Ion Exchange Materials - IV. 
Equilibrium Studies With Monovalent Cations and 
Zirconium Phosphate: Jour, of Inorganic and
Nuclear Chemistry, v. 26, p. 297, (1964).
38. Ahrland, S., And Albertsson, J., Sorption Rate and
Dehydration Studies on Zirconium Phosphate and 
Zirconium Tungstate; Acta Chemica Scandanavica, 
v. 18, p. 1357-67 (1964).
39. Amphlett, C. B., and Jones, P. J., Cation Exchange
on Zirconium Phosphate at Elevated Temp­
eratures: Jour, of Inorganic and Nuclear
Chemistry, v. 26, p. 1759-61 (1964).
118
40* Yakota, M., The Effect of Ethanol on the Distribution 
Coefficients of the Alkalis on Ionite-C: Nippon
Kagaku Zasshi, v. 82, p. 1038-41, (1961).
41. Baetsle, L. and pelsmaekers, J., Ion Exchange
Properties of Zirconyl Phosphates - I: Jour, of
Inorganic and Nuclear Chemistry, v. 21, o. 124-32,(196T).
42. Sedlakova,'L. and Pekarek, V., A Contribution to
the Structure of Crystalline Zr(HP0 4)^*Hp0 :
Jour, of the Less-Common Metals, v. 10, p. 130-2, 
( 1966).
43. Albertsson, J., The Crystal Structure of Zirconium
Phosohate: Acta Chemica Scandinavica, v. 20,
p. 1689-702 (1966).
44. Hamlen, R. P., Ionic Conductivity of Zirconium
Phosphate: Jour. Electrochem. Soc., v. 109,
P. 746, (1962).
45. Alberti, G., Torracca, E., and Conte, S., Stoich­
iometry of Ion Exchange Materials Containing 
Zirconium and Phosphorus: Jour, of Inorganic
and Nuclear Chemistry, v. 28, p. 607-13, (1966).
46. Winklen, A., and Thilo, S., On the Binding Structure
of HXvP20g and KgX-^PgOo, Xv = As and Sb, Xlv =
Si, Ge, Sn, Pb, Ti ana zr: Zeitschrift fur Anor­
ganic und Allgemeine Chemie, v. 346, p. 92-112, 
( 1966) .
47. Burdese, A. and Borlera, M. L., X-ray Crystallographic
Data on Zr-,(P0;),: Ricerca Sci., v. 29, p.2337-8,
(1959). J 4 4
48. Bril, J., Composition of a Zirconyl Phosphate
Molecule: Bull. Soc. Chim., France, v. 1960,
p. 1140 (1960).
49. Haider, S. Z., -Khan, A. K., and Rahman, M. £., The
Composition of Co-precipitated Zr-Nb Phosphates: 
Jour, of 2\Tatural Science and Mathematics, v. 6, 
p. 77-90, (1966).
1 I I J f
119
50. Latimer, W. M., Oxidation Potentials in Aqueous
Solution: New York, prentice-Kall, Inc., 1952.
51. Alberti, G., Conte, -A.-, and Torracca, S., The
Influence of Thermal Treatment on the Rate 
of Ion Exchange of Zirconium phosphate: Jour,
of Inorganic and Nuclear Chemistry, v. 28, d . 
225-31, (1966).
52. Nancollas, G. H., and Paterson, L., Ion Exchange
Properties of Zirconium Phosphate: Jour, of
Inorganic and Nuclear Chemistry, v. 22, o. 259,(196T).
53. Patent: United States, 3,002,932, to S. J. Duv/ell
and J. S. Shepard (to 3 M Corp).
54. patent: Great Britain, 3,056,647, (1962) to C. B.
Amphlett.
55. Patent: France, 1,317,359.
56. Patent: France, 1,344,497.
57. Patent: U. S. S. R.: 167,826.
5 8. patent: Japan, 15,083.
59. Amphlett, C. B., and McDonald, L. A., Ion Exchange
on Hydrous Zirconium Oxide: Chemistry and
Industry, p. 1314, (1956).
60. Gouy, G., Ann. Phys., v. 9, P 457, (1910).
61. Stern, 0., On the Theory of the Electric Double
Layer: Zeitschrift fur Electrochemie, v. 30,
p. 508, (1924).
62. Adamson, A. \l., Physical Chemistry of Surfaces,
New Yorlc, In ter science publishers, 1963.
63. Fuerstenau, D. W., and Yopps, J. A., The Zero Point
of Charge of Alpha Alumina: Jour, of Colloid
Sci., v. 19, P. 61-71 (1964).
I 1137
120
64. park's, G. A., and DeBruyn, P. L., The Isoelectric
Point of Hydrous Ferric Oxide: Jour. Phys.
Chem., v. 66, p. 967 (1962).
65. Garrels, R. M., and Christ, C. L., Solutions, Minerals
and Equilibria; New York, Harper and Row, c. 1965.
66. Butler, J, N., Ionic Equilibrium a Mathematical
Approach: Reading, Mass., Addison-Wesley Publish­
ing Company, Inc., c. 1964.
6 7. Sear, G. W., Determination of Specific Surface of
Colloidal Silica by Titration With Sodium 
Hydroxide; Anal. Chem., v. 28, p. 1981-3 (1956).
68. Conway, W., Electrochemical Data., The Hague,
Elsevier Publishing Company, 1952.
6 9 . Ejerrum, J., Schwarzenbach, G., and Sillen, L. G.,
Stability Constants of Metal Complexes, Part II, 
Inorganic Ligands: London, The Chemical Society,
1958.
70. Clearfield, A., and Stynes., J. A., The Preparation
of Crystalline Zirconium phosphate and Some 
Observations on its Ion Exchange Behavior: Jour,
of Inorganic and Nuclear Chemistry, v. 26, u..v 117, 
(1964).
71. Pauling,. L., The Nature of the Chemical Bond: Ithaca,
N. Y., Cornell Univ. press, 1940, p. 146.
72. Clearfield, A., and Vaughn, P. A., The Crystal Structure
of zirconyl Chloride Octahydrate and Zirconyl 
Bromide Octahydrate: Acta. Crys't., v. 9, r.555-8,
(1056).
73. Corbridge, J. E. and Lowe, T., Infra Red Spectra of
Inorganic Phosphates: Jour. And. Chem., v. 6,
p. 456, (1956).
74. Kruyt, H. R., ed., Colloid Science, Volume I, Irrev­
ersible Systems: Hew York, Elsevier Publishing
Company, 1952, p. 135.
